Between 20 and 50% of microbial mortality within marine systems results from viral 49 infection and lysis. As a consequence, these processes are critical in driving carbon 50 and nutrient cycles within the sea (1, 2). In response to the substantial pressure of viral 51 predation, a number of sophisticated defense systems have evolved within cellular 52 microbial hosts including: alteration of cell surface receptors, production of extracellular 53 polysaccharides (3), restriction modification systems (4), and the clustered regularly 54 interspaced short palindromic repeat (CRISPR) system. Of these systems, the CRISPR 55 system is perhaps the most adaptable and specific, acting as an acquired immune 56 system in Bacteria and Archaea against bacteriophage and archaeal viruses 57 respectively, as well as other invading foreign DNA, such as plasmids (5). The 58 adaptability of the CRISPR system for targeting specific DNA regions for nuclease 59 digestion has been leveraged into a new and powerful approach for selective genome 60 editing within complex plant and animal genomes (6). 61
Abstract 25
Viral infection exerts selection pressure on marine microbes as viral-induced cell lysis 26 causes 20 to 50% of cell mortality resulting in fluxes of biomass into oceanic dissolved 27 organic matter. Archaeal and bacterial populations can defend against viral infection 28 using the CRISPR-Cas system which relies on specific matching between a spacer 29 sequence and a viral gene. If a CRISPR spacer match to any gene within a viral 30 genome is equally effective in preventing lysis, then no viral genes should be 31 preferentially matched by CRISPR spacers. However, if there are differences in 32 effectiveness then certain viral genes may demonstrate a greater frequency of CRISPR 33 spacer matches. Indeed, homology search analyses of bacterioplankton CRISPR 34 spacer sequences against virioplankton sequences revealed preferential matching of 35 replication proteins, nucleic acid binding proteins, and viral structural proteins. Positive 36 selection pressure for effective viral defense is one parsimonious explanation for these 37 observations. CRISPR spacers from virioplankton metagenomes preferentially matched 38 methyltransferase and phage integrase genes within virioplankton sequences. These 39 viriolankton CRISPR spacers may assist infected host cells in defending against 40 competing phage. Analyses also revealed that half of the spacer-matched viral genes 41 were unknown and that some genes matched several spacers and some spacers 42 matched multiple genes, a many-to-many relationship. Thus, CRISPR spacer matching 43 may be an evolutionary algorithm, agnostically identifying those genes under stringent 44 selection pressure for sustaining viral infection and lysis. Investigating this subset of 45 viral genes could reveal those genetic mechanisms essential to viral-host interactions 46 and provide new technologies for optimizing CRISPR defense in beneficial microbes. 47 (7) and, interestingly, the position of a spacer in the array can provide an historical 70 timeline of viral host encounters (5). 71
After transcription, Cas proteins cleave repeats from the array transcript creating 72 small interfering CRISPR RNAs (crRNAs). The crRNAs are comprised of one spacer 73 flanked on either side by half a repeat. If a spacer sequence within a crRNA matches a 74 segment of an invading virus' genome, then the small interfering crRNA will target the 75 genomic DNA or RNA for destruction by the Cas proteins thus preventing viral 76 replication and ultimately cell mortality (8) . Assuming that every gene a virus carries in 77 its genome is essential for successful infection and lysis, then, successful CRISPR 78 inactivation of any viral gene should prevent cell mortality from viral lysis. Given this 79 understanding of CRISPR defense against viral infection, we should expect no 80 preferential matches of viral genes to CRISPR spacer sequences. However, if there are 81 differences in the effectiveness of inactivating certain viral genes over others, then 82 certain viral genes may demonstrate a greater propensity to be matched by CRISPR 83 spacers. This hypothesis was addressed by identifying spacers within microbial and 84 viral metagenome sequence libraries and investigating whether subsets of viral genes 85 were preferentially matched by these CRISPR spacers. 86 CRISPR spacers offer a powerful tool for investigating phage-host interactions as 87 spacer sequences can link phage and host populations within complex microbial 88 communities (9, 10). For example, this approach was used to identify the microbial 89 hosts of unknown viral populations within the extreme environments of deep-sea 90 hydrothermal vents (11, 12) . The biochemical mechanism controlling the selection of 91 protospacer sequences (i.e. candidate spacers from invading viral and plasmid DNA) 92 relies on a short DNA motif (usually 2-6 base pairs) directly adjacent to protospacer 93 sequences (protospacer adjacent motif or PAM) (13) , (14) . Because the PAM is a short 94 sequence, these motifs can be common within a viral genome and thus, the PAM alone 95 does not necessarily predispose particular viral genes as possible protospacer targets. 96
However, positive selection for more effective viral resistance would mean that certain 97 subsets of viral genes are preferentially represented as targets of CRISPR spacers 98 within natural virioplankton communities. Information on viral genes preferentially 99 matched by CRISPR spacers could indicate those viral genes most critical to successful 100 viral replication and lysis. Given that the function of most viral genes is unknown (15), 101 information on preferential spacer targeting could provide clues as to the subset of 102 unknown viral genes that are under stringent selection for successful infection and host 103 cell lysis. Fundamental information on the CRISPR susceptibility of particular viral 104 genes could be leveraged to engineer more effective phage resistance in beneficial 105
microbes. 106
Spacers can be identified within DNA sequence libraries based on their 107 characteristic repeat-spacer pattern within a CRISPR array. Several tools are currently 108 available for identifying CRISPR spacer arrays, however, these tools tend to have a 109 high false discovery rate of spacer sequences as repeat sequence arrays resembling 110 CRISPR spacer arrays are common within microbial genomes (16). To address this 111 shortcoming CASC (CASC Ain't Simply CRT) was developed as a discovery tool 112 capable of validating the accuracy of CRISPR spacer predictions. CASC employs a 113 modified version of the CRISPR Recognition Tool (CRT) (16) to identify putative 114 CRISPR arrays followed by novel heuristics (search for known repeats, spacer size 115 distribution check) to examine and validate each putative CRISPR array. CASC is able 116 to run in an exploratory (liberal) mode, as well as a stricter (conservative) mode in which 117 identified arrays must contain known repeat sequences or Cas protein genes near the 118 array. 119
After validation, CASC was used to identify CRISPR spacers within large 120 collections of marine microbial metagenome sequence data from the Global Ocean 121 Sampling (GOS) and Tara Oceans expeditions (17, 18) . These spacers were then used 122 to examine phage-host interactions throughout the global ocean and identify common 123 genetic vulnerabilities among viral populations exploited by marine prokaryotes to 124 defend against viral infection. 125
126

RESULTS
127
CASC validation with artificial data 128
Two artificial metagenomes were created to simulate Illumina reads and 129 pyrosequencing reads. Both of these metagenomes were comprised of the same ten 130 bacterial genomes: five genomes containing CRISPR arrays and five genomes without 131
CRISPR arrays (see methods section). 132
The simulated Illumina sequence reads (150 bp, paired-end) were assembled 133 with SPAdes (19) and produced ca. 1,800 contigs (mean length of 17,700 bp). Only 134 one of the ten genomes (C. trancomatis F/SW5) was completely assembled into one 135 contiguous sequence. Although the remaining genomes were fragmented into many 136 contigs, the known CRISPR arrays were represented in the assembled dataset. The 137 second artificial metagenome was composed of ca. 1 million pyrosequencing reads 138 (450 bp) that were directly analyzed without assembly. 139
Each CRISPR algorithm evaluated (CASC, CRT, PILER-CR (20), and CRISPR 140 Finder (21)) performed better in terms of sensitivity (ability to detect spacer loci) and 141 precision (ability to detect only valid spacer loci) when searching for spacers within 142 assembled contigs from Illumina sequence libraries as opposed to pyrosequencing 143 reads (Tables S2 and S3 ). CASC's validation steps, which remove potentially spurious 144 CRISPR predictions, resulted in more accurate CRISPR spacer predictions (Illumina 145 contigs precision = 1.0; pyrosequencing reads precision = 0.82) than all of the other 146 tools that were evaluated. 147
148
Spacer predictions in GOS metagenomes 149
The GOS reads dataset provided spacers from a broad geographic cross-section 150 of bacterioplankton communities. Because the GOS sequence reads averaged 915 151 nucleotides in length it was possible to search for CRISPR arrays within unassembled 152 reads. CASC (in liberal mode) was used to search for CRISPR spacers in all read 153 sequences from GOS. CASC identified 12,606 CRISPR spacers (>99% did not match 154 known spacers) contained in 2,686 arrays coming from 90% of all GOS sites (Additional 155 file 1). The site with the most spacers (13% of all spacers observed within the entire 156 
Spacer predictions in Tara Oceans metagenomes 172
Tara Oceans assembled contigs contained more than twice as many spacers 173 (29,879; 95% did not match known spacers) as the GOS reads (Additional file 2), likely 174 due to the greater sequencing depth and number of samples in the Tara Oceans 175 dataset. However, calculating the frequency of CRISPR spacers per mega base pair of 176 sequence data was confounded by the fact that these data were collected from 177 assembled contigs as opposed to single unassembled reads. To overcome this, read 178 recruitment information was obtained for each Tara Oceans contig which enabled 179 normalization of spacer abundance within the dataset (see methods). Between 15 and 180 71% of read bases were successfully recruited to contigs among the 178 Tara Oceans 181 microbial metagenomes (Additional File 2). The fraction of each library associated with 182 CRISPR spacers varied from 1 × 10 −4 to 5 × 10 −8 (Additional File 2). 183
After normalizing for sequencing effort, normalized spacer abundance (NSA) 184 within the Tara Oceans metagenomes showed a positive correlation with sample depth 185 (Pearson r = 0.42, p-value = 4e-9) (Fig. 1 ). The sample with the highest normalized 186 spacer abundance was 122_MES_0.45-0.8, a mesopelagic sample having nearly 5,000 187 spacers per read Gbp recruited. Indeed, many of the samples with high NSA were from 188 the mesopelagic zone (21 of the top 30). NSA showed a positive correlation with GC 189 content as well (Pearson r = 0.51, p-value = 1e-13), which was not surprising to see as 190 GC content also correlated strongly with depth (Pearson r = 0.74, p-value = 2e-16). for the detection of spacers that spanned two adjacent ORFs, which proved to be rare 228
(3% of spacers). 229
A many-to-many relationship between CRISPR spacers and their candidate 230
VGTs was observedi.e. some spacers showed homology to multiple virome ORFs, 231 and some virome ORFs showed hits from multiple spacers ( Fig. 3 ). While the majority 232 of spacers were homologous to only one virome ORF (nearly 1,500 spacers, 45%), 233 there were a few spacers with homology to over 400 virome ORFs. These 
4). 242
All virome ORFs in the virome database were annotated using homology 243 information to Phage SEED proteins, enabling quantification of the expected frequency 244 of VGT annotations. In turn, annotation data was used to establish an expected 245 frequency for each viral gene annotation within the collection global ocean viromes. 246
Each of the top fifteen annotations assigned to VGTs were assigned more often than 247 expected (Table 1, Additional file 5). There were two exceptions that were targeted less 248 frequently than expected, genes encoding phage tail fiber (a set of structural proteins 249
attached to the base of the tail, used in host recognition and attachment) and DNA 250 helicase (a motor protein that separates double-stranded nucleic acid). Overall, the 251 VGT ORFs had a higher rate of homology to Phage SEED peptides than would be 252 expected indicating that VGTs of CRISPR defense are among the better-known subset 253 of viral genes (expected 2,257 no-hits, observed 1,920). 254
The Tara Oceans microbial shotgun metagenomes and viromes provided a rich 255 set of spacer-to-virome ORF matches. However, instances of bacterioplankton spacers 256 matching ORFs within a virome collected from the same water sample were rare. More 257 frequently bacterioplankton spacers had matches to virome ORFs from viromes 258 collected several thousand miles away ( Fig. 5 ). This was the case for bacterioplankton 259 metagenomes collected from surface and deep chlorophyll maximum water samples. 260 261
Viruses encoding CRISPR spacer arrays 262
Previous studies have shown that phages infecting marine bacteria can carry the 263 genetic elements of the CRISPR/Cas system (24, 25). Over 2,000 CRISPR spacers 264 were observed within the aquatic viromes. To determine if the virome spacers targeted 265 a different subset of viral genes than the bacterioplankton spacers, the virome spacers 266 were also assessed against the aquatic virome database, in the same way as the 267 bacterioplankton metagenome spacers. 268 A greater frequency of virome spacers had a match to virome ORFs than that 269 seen for bacterioplankton spacers (30% versus 24%). Additionally, more of these VGT 270
ORFs of virome spacers could be annotated with Phage SEED than the 271 bacterioplankton spacers (55% versus 43%) ( Fig. 6 , Additional file 6). Again, all of the 272
ORFs in the virome database were annotated with Phage SEED to establish an 273 expected frequency for each viral gene annotation in the global oceans. Among the 274 informative annotations (annotations that were not simply "Phage protein") 275 methyltransferase was targeted 21 times more often than expected (expected ca. 5 276 annotations, observed 100) by viral spacers, whereas microbial spacers targeted 277 methyltransferase only 4 times more often than expected. Indeed, methyltransferase 278 was among several gene targets that are differentially targeted between microbial and 279 virome spacers, including integrase and antitermination protein Q. 280
281
DISCUSSION 282
By and large, the focus of work investigating CRISPR as a microbial defense 283 strategy has been to determine the biochemical mechanisms behind spacer acquisition 284 and maintenance within bacterial (26) and archaeal (27) taxa. As a consequence these 285 studies have been conducted in model organisms within experimental laboratory 286 systems (28, 29), with some exceptions (30). Here we investigated the diversity and 287 frequency of unknown CRISPR/Cas systems within the global ocean, an approach that 288 broadly accounted for the influence of environmental selective pressures on the 289 acquisition and maintenance of CRISPR spacers. These investigations revealed that 290 particular subsets of virioplankton genes are highly targeted by the CRISPR defense 291 system of bacterioplankton and that there is a many-to-many relationship of spacers to 292 virioplankton genes. 293
Deeply sequenced shotgun bacterioplankton metagenomes enabled the search 294 for novel CRISPR spacers across a wide geographic range of aquatic environments. 295
Increasing sequence read lengths and yields from next generation sequencers have 296 enabled modern assembly algorithms to better resolve the repeat-rich CRISPR locus 297 (31) as seen through the high yield of CRISPR spacers in the Tara Oceans dataset. 298
Testing indicated that the addition of quality control heuristics in CASC provided a more 299 reliable set of CRISPR spacers than other CRISPR-finding algorithms. 300
With the rich set of CRISPR spacers mined directly from the environment it is 301 possible to compare our findings to those obtained through mathematical theory and The CRISPR spacers observed within the bacterioplankton metagenomes were 327 maintained because they were the most successful in minimizing the damaging impacts 328 of viral infection and lysis on bacterioplankton populations. These data also provide 329
interesting insights concerning those genes that are most critical to the processes of 330 viral infection and lysis of bacterioplankton hosts. 331
In particular, these data show that there are conserved regions of potentially 332 evolutionary constrained viral genes that are targeted more often than expected by 333 CRISPR spacers from bacterioplankton populations. Genes encoding phage terminase 334 (enzymes that initiate DNA packaging by cutting the DNA concatemer), 335 methyltransferase (a family of enzymes that catalyze the transfer of a methyl group to 336 DNA or RNA), recombinase (enzymes that catalyze exchanges of nucleic acid within a 337 genome), and ssDNA-binding proteins (proteins that bind single-stranded DNA to 338 prevent it from re-forming a double-stranded molecule) were among the most 339 overtargeted genes within the virioplankton (Fig. 4 ). An inference from these 340 observations is that these viral genes are under particularly stringent selection pressure 341 which prevents the easy acquisition of point mutations that would ordinarily allow a viral 342 gene target to evade spacer recognition, the critical first step in CRISPR defense. Thus, 343 our analysis has pointed to particular gene functions that may have a heightened 344 importance to successful replication of marine viral populations. known functional role as opposed to non-targeted genes ( Fig. 4 and Table 1) . 364
Nevertheless, nearly half (41%) of these CRISPR-targeted viral genes were unknown 365 and would be considered viral genetic "dark matter" (40). This subset of CRISPR-366 targeted but unknown viral "dark matter" genes likely play an important role in infection 367 and lysis processes. 368
Spacers matched virome ORFs in a many-to-many relationship, indicating that 369 some spacers were capable of targeting several different virome ORFs and several 370 virome ORFs were targeted by multiple spacers. In the latter case, these viral genes 371 appear to be highly targeted by the CRISPR/Cas system (Fig. 3 
). Instances of virome 372
ORFs being targeted by multiple spacers suggests that these ORFs are under 373 especially stringent selection pressure and are thus less likely to evade CRISPR 374 interference through single nucleotide point mutations. The over-targeting of these 375
ORFs also indicates that they are critical to viral replication and are thus more effective 376 targets for bacterioplankton CRISPR immunity. 377
Interestingly, less than 1% of spacers from Tara Oceans microbial metagenomes 378 matched virome ORFs from the same site (Fig. 5) . One potential explanation for this 379 observation is that spacers found in a given bacterioplankton metagenome have 380 successfully minimized the replication of targeted viral populations to a level below 381 detection within a virome library. This observation is consistent with previous studies of 382 This study analyzed a large collection of CRISPR spacers from microbial 388 populations throughout the global oceans and has provided evidence that particular viral 389 genes are preferentially targeted by the CRISPR/Cas system. The identification of 390 certain viral gene classes that are more likely to become CRISPR spacers indicates that 391 these genes represent a genetic vulnerability for viral populations and that these genes 392 are potentially under strict selective pressure for successful viral infection and lysis. 393 CRISPR spacers sequenced from the environment have shown to be useful in linking 394 microbial hosts to their viruses (43). Our findings also indicate that spacer sequences 395 can identify those viral genes that represent the points of greatest genetic vulnerability 396
for natural viral populations. In this way, CRISPR/Cas may be thought of as a living 397 "evolutionary algorithm" (a field of artificial intelligence, which mimics natural selection to 398 solve complex problems) to agnostically identify viral genes that are most vulnerable. 399
These genes may then be further explored for uses in biotechnology (e.g. preventing 400
phage infections in processes relying on bacterial fermentation) or analysis of phage 401 diversity (as they are likely conserved). 402
403
METHODS
404
CASC Pipeline 405
The CASC pipeline can be broadly divided into two parts ( CRISPRdb reference database (7), or (iii) the standard deviation of spacer length within 418 the candidate CRISPR array was less than or equal to two base pairs. CASC offers a 419 "conservative" and a "liberal" CRISPR validation mode. In conservative mode, 420 conditions (i) or (ii) must be met, while in liberal mode conditions (i), (ii), or (iii) may be 421 met. CASC is available on GitHub (https://github.com/dnasko/CASC). 422 423
Simulated Metagenome Construction 424
Two shotgun sequence simulations were generated using Grinder (ver. 0.5.0) 425 (45) for the purpose of validating CASC and assessing performance. Ten complete 426 bacterial genomes were selected for the simulated metagenomes (Table S1) (Table S2 and Table S3 ). Predicted spacers 450 from each program were clustered with the set of known spacers using CD-HIT-EST 451 (ver. 4.6) (47). Those spacers clustering at 100% identity with a known spacer were 452 counted as a true positive. The Global Ocean Sampling (GOS) and Tara Oceans expeditions sampled and 461 sequenced microbial DNA from across the world's oceans (17, 18) . The GOS dataset 462 was ideally suited for CRISPR prediction as the long read technology used for 463 sequencing these libraries was capable of encoding intact CRISPR arrays (50), and this 464 dataset has been used in previous studies of CRISPR prediction from metagenomic 465 data (51, 52). GOS sequences were downloaded from iMicrobe (imicrobe.us) and 466 included the GOS I expedition, GOS Baltic Sea, and GOS Banyoles (Additional file 1). 467 CRISPR spacers were predicted from 157 GOS sequence libraries totaling ca. 39 468 million reads and containing ca. 21 Gbp of genomic DNA from microorganisms typically 469 between 0.1 and 0.8 μm in size (note that filter sizes ranged from 0.002 to 20 µm based 470 on sample site) with CRISPR calling in 'liberal' mode. 471
The Tara Oceans expedition was a global-scale oceanic study that sampled and 472 sequenced metagenomes from 67 sites (53). In addition to sampling nearly every site 473 at varying depths, several sites were processed with multiple filter sizes (ranging from 474 0.2 to 3.0 µm), including 54 sites with paired microbial and viral fractions, making the 475 Tara Oceans dataset ideal for linking bacterial spacers with their viral gene targets in 476 the viromes. Tara Oceans metagenomes were predominantly sequenced using Illumina 477
HiSeq (100 bp, paired-end reads). Because Illumina reads are too short for accurate 478 searches of spacer arrays, assembled contigs were used instead (ca. 58 million contigs 479 totaling 62 Gbp). Tara Oceans assembled contigs were obtained from the European 480 Nucleotide Archive (http://www.ebi.ac.uk/ena/about/tara-oceans-assemblies). 481
In addition to counting the number of spacers found within each Tara contig, it 482 was necessary to calculate the abundance of each spacer by recruitment of the original 483 library of unassembled Illumina reads to Tara contigs. The reads corresponding to each 484 assembly were downloaded from NCBI's Sequence Read Archive and recruited to their 485 assembled contigs using Bowtie2 (very sensitive local setting). Read coverage of each 486 spacer was calculated using SAMtools and used as a proxy for the number of copies of 487 each spacer. 488
To measure how novel these spacers were, the GOS and Tara Oceans spacers 489
were clustered with known spacers from the CRISPRDB at 98% identity using CD-HIT-490 EST (7, 47). 491 492
Microbial Community Profiles with Respect to CRISPR Abundance 493
The Tara Oceans observed OTUs "16S OTU Table" 
Identification of GOS and Tara Oceans Spacer Targets 503
Putative CRISPR spacers from the GOS and Tara Oceans microbial 504 metagenomes were searched against Tara Oceans viromes (Additional file 3) and a 505 subset of publicly available aquatic viromes (Additional file 4) available on the Viral 506 Informatics Resource for Metagenome Exploration (VIROME, virome.dbi.udel.edu) (55) 507 to identify candidate viral gene targets. Only spacers found with CASC in conservative 508 mode were used for this analysis to reduce the likelihood of identifying spurious 509
spacers. 510
Sequence alignment cut-offs used in previous studies comparing microbial 511 spacers to virome genes have varied, both in stringency and cut-off metric, depending 512 on the aim of the study. When identifying host-phage interactions by linking specific 513 viral population(s) to CRISPR spacers/loci, more stringent cut-offs are applied, such as 514 requiring a 100% nucleotide identity alignment of ≥ 20 bp (11), or an alignment with no 515 more than one mismatch (56). Exploratory studies trying to link what, if any, similarities 516 exist between microbial spacers and virome genes have used more relaxed cut-offs, 517
such as E value ≤ 1e-3 (10), or alignments containing up to 15 mismatches (57). 518
As the objective of this study was to determine if particular viral genes were more 519 likely to be targeted by the CRISPR system of marine bacterioplankton the latter, more 520 exploratory approach was used. Spacer sequences are highly diverse and hyper 521 variable, even between closely related species (58), making it challenging to identify 522 candidate viral gene targets at the nucleotide level. Thus, when searching for potential 523 viral gene targets in viromes some mismatches and gaps in the nucleotide alignment 524
were permitted using BLASTn (ver. 2.2.30+, E value ≤ 1e-1, word size 7). This resulted 525 in 51% of high-scoring segment pairs (HSPs) with no mismatches and 89% of HSPs 526 with no gap openings (Fig. S3) . 527
In this analysis some spacers matched CRISPR arrays within several viromes. 528
To limit these spurious matches, CASC (liberal mode) was used to identify putative 529 spacer arrays within the viromes. Subsequently, sequences containing an array were 530 removed from the aquatic virome database prior to the analysis to identify viral gene 531
targets. 532
Spacer sequences were searched against the virome database with BLASTn. 533
Virome sequences that aligned with spacers were then culled into a separate FASTA 534 file and open reading frames (ORFs) were predicted using MetaGene (59). ORFs were 535 predicted after the spacer search to detect any spacers that may have spanned virome 536
ORFs (a rare occurrence). Virome ORFs with a match to a spacer were translated and 537 searched against Phage SEED (version 01-May-2016) (http://www.phantome.org) using 538 BLASTp (ver. 2.2.30+, E value ≤ 1e-3). Each ORF was annotated using the best 539 cumulative bit score, which is described in the next section. 540
Finally, great-circle distances between microbial metagenome spacers and VGTs 541 within viromes were calculated in R (60) using the geosphere package (61). Distance 542 distributions were rendered in violin plots using the R package vioplot. 543 544
Annotating virome ORFs and calculating expectation 545
Virome ORFs with a match to a spacer were translated and searched against 546
Phage SEED (version 01-May-2016) (http://www.phantome.org) using BLASTp (ver. 547
2.2.30+, E value ≤ 1e-3). A virome ORF was annotated to be the gene function 548
producing the highest cumulative bit score. For example, if "ORF_1" hit ten Phage 549 SEED genes, eight of which were hits to phage protein and the total bit score of these 550 alignments was 50, while the two remaining hits were to terminases with a total bit score 551 of 100, then "ORF_1" would be assigned to terminase. ORF annotation counts were 552 generated for the virome ORFs matching microbial (Additional File 5) and virome 553 spacers (Additional File 6). 554
To put these counts in come context, all aquatic virome ORFs were run through 555 the same Phage SEED-based annotation pipeline. Counts for all virome ORFs were 556 tabulated and the frequency of occurrence for each gene type was calculated. The 557 expected number of genes to have matches to CRISPR spacers was calculated by 558 multiplying the total number of genes matching spacers by the frequency of that gene 559 being annotated in all aquatic viromes. aquatic microbial spacers had a putative match to aquatic virome genes. The majority 840 of these genes obtained informative annotations (i.e. not "Phage protein"). Most genes 841 targeted by CRISPR spacers were annotated two-fold as often as expected, based on 842 the expected frequencies of aquatic virome gene annotations. Two gene annotations 843 that were seen less frequently than expected were DNA helicase and phage tail fiber. 844
Microbial Spacers
Found: 15,159
Virome ORF's Hit By Spacers: 3,367
Virome ORF Phage SEED Annotations: 1,447 ( and target methyltransferase more frequently than microbial spacers. Viral spacers are 865 believed to assist the host in defending itself against competing viruses. Genes 866 associated with temperate viruses (e.g. integrase, methyltransferase) are targeted more 867 frequently by viral spacers than microbial spacers. Additionally, viral spacers targeted 868 viral genes that were exceedingly rare in these aquatic dsDNA viromes, such as 869 glucanase and antitermination protein Q, with many other genes being targeted >2X 870 more often than expected. Again, phage tail fiber was targeted less frequently than 871 
